This review highlights recent insights into the roles of microRNAs (miRNAs) in pathogenesis of myeloid malignancies and tantalising prospects of miRNA therapy.
INTRODUCTION
MicroRNAs (miRNAs) are noncoding RNAs with a length of approximately 22 nucleotides, which bind to imperfect matches to the 3 0 untranslated region and other regions of target mRNAs/RNAs molecules and thus repress their translation and/or stability. This is accomplished by forming a ribonucleoprotein complex called an RNA-induced silencing complex that contains an argonaute family member. Mature miRNAs are generated by a multistep process that begins with the initial transcription of their genes by RNA polymerase II, resulting in capped large polyadenylated primary miRNAs, which can be several hundred to thousands of nucleotides long. These primary miRNAs are then processed in the nucleus by the ribonuclease III Drosha-DGCR8 microprocessor complex into hairpin-structure precursor miRNAs of 60-100 nucleotides. The precursor miRNAs are then translocated by the exportin 5-RanGTP shuttle system to the cytoplasm, in which Dicer, a ribonuclease III-like enzyme, further processes them into mature miRNAs [1] . miRNAs have been shown to play key regulatory roles in all facets of biology including cell proliferation, differentiation, development, apoptosis, metabolism and haematopoiesis [2] . The importance of miRNAs in blood cancers was first indicated by the discovery that the majority of miRNAs are located at fragile sites and cancer-associated genomic regions [3] , and there is now overwhelming evidence that aberrant expression of miRNAs is a common hallmark of haematological malignancies and solid tumours. Functional analyses as well as animal models have shown the contribution of miRNAs to the pathogenesis of haematological malignancies through the modulation of cancerassociated oncogenes or tumour-suppressor genes, or in the case of myeloid disorders, through the regulation of epigenetic mechanisms.
MICRORNAS IN MYELODYSPLASTIC SYNDROMES
MDS are haematopoietic stem cell (HSC) disorders characterized by ineffective differentiation of haematopoietic progenitors, bone marrow dysplasia and a propensity to develop acute myeloid leukaemia (AML). As the molecular mechanisms of MDS development are poorly understood, effective treatment options are often limited. Recent progress has been made, however, in identifying altered signaling pathways and understanding HSC defects that may contribute to the pathogenesis of MDS. Importantly, more than 70% of all human miRNAs are located within regions of recurrent copy-number alterations in MDS and AML cell lines [4] . Moreover, targeted deletion of Dicer1 in osteoprogenitor cells has been found to result in abnormal haematopoiesis, MDS and AML, suggesting that global downregulation of miRNAs by Dicer1 deletion may promote myeloid malignancies [5] . Several recent studies have demonstrated aberrant expression of miRNAs in patients with MDS using microarraybased platforms. For example, Hussein et al. [6] demonstrated that the miRNA expression signature in bone marrow cells from 24 MDS patients and three control samples can distinguish MDS entities with chromosomal alterations from the patients with a normal karyotype. Sokol et al. [7] also examined global miRNA expression in bone marrow mononuclear cells isolated from 44 patients with MDS and 17 normal controls and found high levels of miR-222 and miR-10a and low levels of miR-146a, miR-150 and Let-7e in MDS (Table 1 ). Furthermore, distinctive miRNA expression profiles in CD34 þ bone marrow cells from seven patients with 5qsyndrome showed overexpression of miR-34a and downregulation of miR-146a [8] . Vasilatou et al. [9] recently evaluated the expression patterns of let-7a, miR-17-5p and miR-20a in CD34 þ HSCs from the bone marrow of 43 patients with MDS and the peripheral blood of 18 healthy donors, and found that these miRNAs are upregulated in low-risk
KEY POINTS
Great effort has recently been devoted to identifying and cataloguing aberrantly expressed miRNAs in leukaemia.
Oncogenic miRNAs, such as miR-22, dictate the selfrenewal and transformation of HSCs. miR-22 alters the epigenetic landscape to trigger the pathogenesis of the stem cell disorder MDS and myeloid leukaemia.
Targeting powerful oncogenic miRNAs may lead to new therapeutic strategies for the treatment of MDS and leukaemia. [7, 8] miR-10a High in MDS, AML [7, 14] miR-146a Low in MDS [7] miR-150 Low in MDS [7] let-7a Low in MDS [7, 9] miR-34a High in MDS [8] miR-17-5p Low in MDS [9] miR-20a Low in MDS [9] miR-22 High in MDS, AML [10
&&
,11] miR-382 High in AML [11] miR-134 High in AML [11] miR-376a High in AML [11] miR-127 High in AML [11] miR-299-5p High in AML [11] miR-323 High in AML [11] let-7b Low in AML [11] let-7c Low in AML [11] miR-126 High in AML [12] miR-224 Low in AML [12] miR-368 Low in AML [12] miR-382 Low in AML [12] miR-17-92 High in AML, CML [13, 14] miR-196b High in AML [15, 16] miR-29 High in AML [15] miR-204 Low in AML [12] miR-128a Low in AML [12] miR-155 High in AML [11, 15] miR-181a, miR-181b High in AML [17] miR-1 High in AML [18] miR-133 High in AML [18] miR-124a Low in AML [19] miR-223 Low in AML [20] miR-193a Low in AML [21] miR-203 Low in CML [22] miR-138 Low in CML [23] patients with MDS but downregulated in high-risk patients with MDS. However, there are very few overlapping miRNAs among these studies, which may reflect the heterogeneity of the disease but also may possibly be because of variations between the sample processing and miRNA detection protocols. Although there is accumulating evidence that multiple miRNAs are aberrantly expressed in HSCs from patients with MDS and deregulated miRNAs have been intensively pursued in the field, the functions of miRNAs in the development of MDS and their therapeutic potential remain largely undefined. Identifying the putative targets of miRNAs in MDS and developing proper animal models of MDS are critical to achieving this goal.
Our recent study has demonstrated that constitutive miR-22 overexpression in mice enhances the proliferative capacity of haematopoietic stem/progenitor cells (HSPCs) accompanied by defective differentiation [10 && ]. Interestingly, miR-22 overexpressing transgenic mice developed MDS over time. In cotransplantation experiments, miR-22 overexpression caused HSPCs to progressively outcompete their wild-type counterparts. Furthermore, when observed for longer periods of time, transplanted HSPCs overexpressing miR-22 gave rise to a disease reminiscent of MDS, which subsequently progressed to full-blown AML. Importantly, miR-22 was found to be highly expressed in human MDS and its aberrant expression correlated with poor survival rates in patients with MDS. Unexpectedly, miR-22 overexpression in the haematopoietic compartment resulted in a reduction in the levels of global 5-hydroxymethylcytosine and, conversely, an increase of 5-methylcytosine levels, suggesting that miR-22 impacts the global epigenetic landscape in blood cells. Epigenetic changes and clinical responses to agents that reverse aberrant hypermethylation, such as 5-aza-2 0 -deoxycytidine and 5-azacytidine, have implied a contribution from aberrant hypermethylation to the pathogenesis of MDS [24, 25] . Whole genome scanning for DNA methylation patterns in patients with MDS has also revealed a global hypermethylation signature, which is associated with rapid transformation to AML and poor prognosis [26] . In support of these observations, the methylcytosine dioxygenase ten-eleven translocation (TET), which converts 5-methylcytosine to 5-hydroxymethylcytosine, is frequently deleted or inactivated in patients with MDS and results in defective conversion of 5-methylcytosine [27] . The contribution of TET2 inactivation to MDS has been demonstrated by the rapid onset of myeloproliferative and MDS features in Tet2 knockout mice [28] [29] [30] . Furthermore, our comprehensive analysis of MDS patients has identified downregulation of TET2 protein levels as a common event in MDS (35.5% of total 107 samples of patients with MDS and 22.2% of 18 samples of AML with multiple lineage dysplasia) and a factor in poor prognosis [10 && ]. Importantly, these findings imply that the contribution of TET2 to the pathogenesis of MDS might be related to more than its mutation and will impact the management and therapeutic decisions for patients with MDS.
Notably, the phenotypes elicited by miR-22 overexpression closely phenocopy the inactivation of Tet2 in the haematopoietic system both in vitro and in vivo. Moreover, while Tet2 expression increases during haematopoietic differentiation [29] , miR-22 is highly expressed in HSPCs and its expression declines in mature cells. These initial observations led us to test whether miR-22 could act as an authentic Consistent with these observations, miR-22 overexpression resulted in a marked reduction in levels of TET2 mRNA and protein and a concomitant decrease in expression of known TET2 target genes, such as absence in myeloma 2 (AIM2) and speckled 140-kDa (SP140) nuclear body protein. It is interesting to note that TET2 mutations do not seem to always translate to increased promoter methylation of genes, with AIM2 and SP140 being notable exceptions [32, 33] . AIM2 and SP140 have been implicated in cell-cycle arrest and susceptibility to chronic lymphoid leukaemia [34, 35] ; however, their possible role(s) in the pathogenesis of MDS requires further investigation.
MICRORNAS IN MYELOID LEUKAEMIA
AML is a heterogeneous group of neoplastic haematopoietic diseases characterized by the accumulation of primitive myeloid cells arrested at the early stages of differentiation. The presence of one of many specific cytogenetic abnormalities has been found in around 55% of patients with AML. Of particular interest, miRNA expression profiling studies have revealed marked differences in miRNA expression between common cytogenetic subtypes of AML, including those harbouring favourable-risk abnormalities, such as t (8, 21) , inv (16) and t (15, 17) , as well as those with less favourable-risk subtypes, such as t(11q23)/mixed lineage leukaemia (MLL) and trisomy 8 cases. For example, Jongen-Lavrencic et al. [11] demonstrated a strong upregulation of miR-382, miR-134, miR-376a, miR-127, miR-299-5p and miR-323 in patients having AML with t(15;17) and a significant downregulation of let-7b and let-7c in patients having AML with t(8;21) and also with inv (16) . Li et al. [12] found that miR-126 is specifically overexpressed in both t(8;21) and inv (16) AMLs, whereas miR-224, miR-368 and miR-382 are almost exclusively overexpressed in t(15;17) AML. Mi et al. [13] showed that the miR-17-92 cluster is aberrantly overexpressed in MLL-rearranged AML. miR-196b, located between the homeobox A9 and homeobox A10 genes, is another miRNA that has been found to be specifically overexpressed in patients having AML with MLL rearrangements [15, 16] .
The miRNA signatures in patients with AML harbouring normal karyotype (namely, cytogenetically normal AML) have been reported to be associated with recurrent molecular abnormalities including nucleophosmin, internal tandem duplication of FMS-like tyrosine kinase 3, CCAAT/ enhancer binding protein alpha, and isocitrate dehydrogenase 1 (IDH1) or IDH2 mutations [36, 37] . For instance, Garzon et al. [15] found an upregulation of miR-10, let-7 and miR-29 family members and a downregulation of miR-204 and miR-128a in patients with AML carrying nucleophosmin mutations. Importantly, two independent groups reported that miR-155 is upregulated in patients with AML harbouring FMS-like tyrosine kinase 3 mutations, suggesting a role for this miRNA in the highly proliferative phenotype of this subset of AML [11, 15] . Additionally, Marcucci et al. [17] identified highly expressed miR-181a and miR-181b associated with CCAAT/enhancer binding protein alpha mutations in cytogenetically normal AML. In their follow-up study, Marcucci et al. [18] reported upregulation of miR-1 and miR-133 in IDH2mutated patients with cytogenetically normal AML compared with the IDH1/IDH2 wild-type patients.
In addition to chromosomal alterations causing aberrant miRNA expression, the regulation of miRNAs mediated by alterations in epigenetic mechanisms, such as DNA methylation and histone code, might also play an important role in AML pathogenesis [38] . For example, in samples of patients with AML, the aberrant methylation of miR-124a has been found independently of the cytogenetic subtype and its epigenetic silencing was associated with regulation of ecotropic viral integration site 1 [19] . Additionally, Fazi et al. [20] reported that AML1/eight-twenty-one induces heterochromatic silencing of miR-223. Gao et al. [21] showed that miR-193a is downregulated due to hypermethylation of its promoter region in patients with AML, and its expression was inversely correlated with its target, v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog. Importantly, we have demonstrated that miR-22 is a powerful regulator of HSPC maintenance and self-renewal and in that process skews haematopoietic differentiation, mainly toward myelopoiesis, triggering overt AML [10 && ]. Furthermore, when we analysed the expression levels of miR-22 in a large cohort of patients with AML [11] , miR-22 was found highly expressed in 58.1% of 214 samples of patients with AML when compared to normal bone marrow from healthy donors. Although our study may help in the reclassification of subtypes of MDS, and possibly AML, on the basis of miR-22 expression, further investigation is required into whether its expression profiling in patients with AML is associated with specific chromosomal aberrations. Importantly, our findings implicate the deregulation of the miR-22-TET2 pathway as a common event in the pathogenesis of MDS and AML; however, the mechanisms that control the expression of miR-22 are still unidentified. Interestingly, recent studies have demonstrated that the phosphatidylinositol 3-kinase/v-Akt murine thymoma viral oncogene homolog (AKT) pathway or c-Myc activates mir-22 gene transcription [39,40,41 & ]. Extensive evidence has also accrued that the phosphatidylinositol 3-kinase/AKT pathway is aberrantly activated and deregulated in patients with AML, and constitutive AKT activation has been linked to poor prognosis in patients with AML [42, 43] . Additionally, c-Myc is frequently activated in patients with AML and its importance in the pathogenesis of AML has been demonstrated in mouse models overexpressing c-Myc in bone marrow progenitors [44, 45] .
Aberrant expression of miRNAs has also been observed in chronic myeloid leukaemia (CML). CML is a clonal myeloproliferative disorder arising from neoplastic transformation of a single HSC. The hallmark of the disease in approximately 95% of all patients is the presence of a Philadelphia (Ph) chromosome which arises from a reciprocal translocation t(9; 22) (q34; q11) that creates a breakpoint cluster region/abelson murine leukemia viral oncogene homolog (ABL) fusion oncogene [46] . Similar to MDS and AML, miRNAs also display aberrant expression in CML cells. For example, upregulation of the miR-17-92 cluster was found to be associated with the chronic phase but not with blast crisis in patients with CML [14] . The association of miRNAs with BCL-ABL has been further illustrated by finding that miR-203, which is epigenetically silenced in patients with CML, can regulate BCL-ABL expression [22] . miR-138, downregulated in CML cells but restored in response to imatinib treatment, was also recently found to target breakpoint cluster region-ABL [23] . Since it has been recently demonstrated that decreased TET2 gene expression associated with t(4;6;11) rearrangement may be involved in CML progression [47] , it will be interesting to further analyse miR-22 expression profiling in patients with CML.
miR-22 AS A NOVEL THERAPEUTIC TARGET IN MYELOID MALIGNANCIES
Different leukaemia types and subtypes have specific miRNA signatures that may be useful as diagnostic and prognostic markers. Furthermore, there is a growing body of evidence that circulating miRNAs can leave 'fingerprints' indicating the progress of various diseases [48] [49] [50] . miRNAs can also be packaged into multivesicular bodies and released into the extracellular environment as exosomes. In a recent finding of particular interest, systemic characterization of exosomal RNA profiles (by utilizing RNA-sequencing analysis in human plasma samples) revealed miR-22 as one of the most common exosomal miRNAs among all mappable miRNA sequences [51 & ]. Furthermore, Zhu et al. [52] recently identified maternal circulating miR-22 as a novel noninvasive biomarker for prenatal detection of foetal congenital heart defects. In addition, many correlations between circulating miRNA levels and response to a given anticancer agent have been observed that may be useful in predicting patterns of resistance and sensitivity to specific drugs. For example, it was recently demonstrated that circulating miR-22 is elevated in a subset of patients with advanced nonsmall cell lung cancer, and that this high expression correlates with a lack of response to treatment with the drug pemetrexed, indicating that circulating miR-22 could represent a novel predictive biomarker for the efficacy of pemetrexed-based treatment [53] . Likewise, the characterization of circulating miR-22 in patients with MDS and myeloid leukaemia is expected to provide similar treatment profiles and open new doors for the development of promising novel plasma-based biomarkers for myeloid malignancies.
Beyond the identification of novel cancer biomarkers, however, miRNA-based therapy is now coming of age. The first cancer-targeted miRNA drug, MRX34 (a liposome-based miR-34 mimic), recently entered phase I clinical trials in patients with advanced hepatocellular carcinoma and is attracting considerable attention from both academic researchers and pharmaceutical companies [54] . Additionally, new technologies to inhibit miRNAs as a therapeutic strategy are also rapidly evolving and could lead to treatment options for a range of diseases in the years to come [55 & ]. Indeed, our findings that inhibiting miR-22 with a decoy leads to a reduction of metastatic phenotypes in the breast and that treatment with a locked nucleic acid (LNA)-modified miR-22 decoy results in a significant reduction in leukaemic cell proliferation [10 && ,31 && ] strongly support the notion that it may be worth developing and testing LNA-based targeting of miR-22 as a treatment modality for MDS and myeloid leukaemia. The modulation of oncogenic miR-22 activity by LNA-antimiR-22 could represent a promising therapeutic approach for a large number of leukaemia patients, either alone or in combination with currently used therapies. Much as the clinical importance of the role of miR-22 in the epigenetic triggers of leukaemogenesis has been demonstrated in the examples above, research into combinatorial treatment with LNA-antimiR-22 decoys and demethylating agents or inhibitors of histone deacetylases may soon reveal a further untapped therapeutic potential of LNA-antimiR-22-based therapeutic modalities. Indeed, recent identification of a selective mutant IDH1 inhibitor (AGI-5198) that blocks the production of 2-hydroxyglutarate (an oncometabolite which inhibits TET2 catalytic activity [56,57,58 && ]) further underscores the potential therapeutic advantages for leukaemia patients of combined use of LNA-antimiR-22 and mutant IDH1 inhibitors ( Fig. 1 ).
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Anti-miR-22 IDH1/2 mutation inhibitor FIGURE 1. miR-22 as a novel therapeutic target in myeloid malignancies. In MDS and AML, TET is functionally lost by TET2 mutations, IDH1/2 mutations or high expression of miR-22. Thus, either miR-22 decoying alone or in combination with IDH1/2 mutant inhibitors could offer the potential therapeutic advantages for patients with leukaemia. AML, acute myeloid leukaemia; IDH1/2, isocitrate dehydrogenase 1/2; MDS, myelodysplastic syndromes; miRNAs, microRNAs; TET, ten-eleven translocation.
CONCLUSION
Growing evidence describes the roles of miRNAs in various haematopoietic malignancies, including MDS and myeloid leukaemia. Notably, recent findings have identified the deregulation of the miR-22-TET2 pathway as a common event in myeloid malignancies and imply that the contribution of TET2 to the pathogenesis of myeloid malignancies could be related to more than its mutations. Importantly, they also provide a compelling rationale for targeted therapies that impact the mechanisms of aberrant regulation of TET2 observed in MDS and AML through miR-22 decoying.
